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THE EXPIRATORY NITROGEN concentration following an inhalation of 100% O 2 from residual volume (RV) to total lung capacity (TLC) typically includes a gently upward sloping alveolar plateau (phase III), followed in most individuals by a relatively sharp increase in slope (initiating phase IV). The absolute volume at which this occurs is defined as closing capacity (CC), typically expressed as a percentage of TLC. Closing volume (CV) is defined as this lung volume measured from RV. This change in slope is interpreted to reflect the abrupt onset of asynchronous emptying of lung units with different specific ventilations (and hence different N 2 concentrations), due to either frank airway closure or flow limitation on the prior exhalation. It is traditionally thought that, if the mechanism responsible for phase IV is frank airway closure, and if these airways do not reopen on a subsequent inspiration, absorption atelectasis, shunt, and hypoxemia will result.
The effects of age and posture have been studied: closing volume is approximately 10% of the vital capacity (VC) for healthy children and adults from 7 to 29 yr of age (3) . Above age 30, CV increases approximately linearly, to ϳ45% of TLC at age 50 and 60% at age 80 (4) . Closing capacity is unaffected by posture, but it becomes approximately equal to supine functional residual capacity (FRC) by about age 45 (7) .
The fact that in young adults CC is close to RV implies that a subsequent inhalation, even of modest magnitude, from RV to volumes, e.g., near FRC or above, is likely to reopen any closed units, and ventilation homogeneity would be mostly preserved; in this situation phase IV may be difficult to measure or may be absent. By contrast, in elite breath-hold divers, observation of ventilation after inhalation of small volumes from lung volumes below RV may distinguish between two separate mechanisms leading to the phenomenon of closing capacity. In particular, if phase IV is due to frank airway closure and subsequent reopening, then substantial ventilatory inhomogeneities and patchiness would be revealed, associated with the sequential reopening of units and the continued presence of closed units. On the other hand, if "closure" on the prior exhalation to these sub-RV levels were associated with patent but flow-limited airways, then the fact that they remain open would preclude, on the subsequent inspiration, any marked degree of inhomogeneity.
However, this phenomenon cannot ordinarily be observed in young subjects with an intact chest wall and open glottis, because RV, by definition, is the minimal lung volume attainable through expiratory muscular effort. Elite breath-hold divers are the exception. As they are able to achieve volumes substantially below RV (8), they are ideal candidates for probing inhalations beginning below CC. Diving without breathing gear, these individuals are able to reach astonishing depths, down to the recent world record of 214 m (1). During descent to great depths, these divers obtain sufficient gas volume in the oropharynx to equalize pressure in the middle ear by performing the unconventional breathing maneuver of glossopharyngeal exsufflation (GE) (9) . This maneuver is performed by sequentially using laryngeal and glossopharyngeal muscles to lower mouth pressure below gas pressure in the lungs, followed by a transient opening of the glottis, thus extracting air out of the lungs into the pharynx. Performed repeatedly, this exsufflation maneuver can lower lung volumes by a few hundred milliliters below RV (10) (recall that RV is defined to be the lowest lung volume that can be attained using the expiratory muscles, with mouth and glottis open).
Our primary purpose in these studies was unrelated to the results presented here, but our incidental findings are of independent interest with respect to mechanisms of closure and reopening. As part of a series of experiments, we performed MRI scans using the recently developed technology of hyperpolarized 129 Xe. This yields an increase in signal over traditional proton MRI of 10 5 and allows a number of functional imaging parameters to be estimated, including at its most basic, the regional concentration of 129 Xe inhaled as a bolus from a very low lung volume. We subsequently realized that the same data could be used to descriptively probe closing and reopening phenomena from subresidual volumes.
Our two diver subjects were age 28 yr. For comparison, we also studied two normal adults, age 31 yr, and 2 older adults age 55 and 56 yr (see Table 1 ). Our goal was to visualize the regional concentration of a 129 Xe-tagged inspirate from very low lung volumes and to observe through its pattern the extent to which filling was either strongly heterogeneous, indicating the presence of units that had closed and not reopened, or relatively homogeneous, indicating the absence of units closed during the previous expiration to sub-RV levels.
METHODS
All human subject experiments followed a protocol, approved by the local Institutional Review Board (Partners Human Research Committee), for which written informed consent was obtained, and which required the participating subjects to pass a qualification procedure, during which electrocardiogram, blood pressure, SpO 2, heart rate, and respiratory rate were measured before and after a short breath-hold of hyperpolarized 129 Xe. Also, the protocol required the breathing gas mixture to contain no less than 21% of O2 and no more than 70% of xenon, and that the resulting concentration of 129 Xe in the lungs be no more than 35%. For each experiment, two Tedlar bags were prepared: one with hyperpolarized 129 Xe and the other with enough oxygen and air mixture to satisfy the protocol. These were connected via a Y-tube such that the gases could be simultaneously inhaled. This arrangement, with valves opened at the beginning of inspiration, was used to reduce premature mixing of 129 Xe and O2, which leads to the loss of magnetization of 129 Xe due to the paramagnetic moment of O2. The experiments were performed at Brigham and Women's Hospital in Boston, MA, on a 0.2-T magnet interfaced to a Tecmag Apollo research spectrometer (11) . The xenon was hyperpolarized on site as previously described (12) .
While inside the magnet, both divers and control subjects initially performed two deep inhalation/exhalation cycles to standardize volume history. The last exhalation for the control subjects was a full exhalation to a volume near RV, followed by an inhalation of 1.0 -1.3 liters of the 129 Xe/O2 gas mixture over ϳ2 s before holding their breath for image acquisition. By contrast, each diver, after exhaling to RV, performed the GE maneuver to extract air from his lungs, reaching volumes ϳ0.3 liters below RV and then inhaled a volume of the gas mixture, again over ϳ2 s before an image-acquisition breathhold. In two different scans, diver 1 inhaled, respectively, 0.9 or 1.3 liters and diver 2 inhaled 0.4 or 0.9 liters (see Fig. 1 for a protocol schematic and Table 1 for information on subjects and gas volumes). Lung volumes during image acquisition after inhalation from RV were near FRC (control subjects), and after inhalation from sub-RV were midway between RV and FRC (diver 1) or slightly above RV (diver 2).
The pulse sequence commenced ϳ4 s after completion of the 129 Xe inhalation maneuver and lasted ϳ13 s. Coronal projection lung images were collected with in-plane resolution of 4.7 by 9.4 mm. The sequence parameters included field of view of 300 by 300 mm 2 , 64 points collected in each of 32 k-space lines, echo time 8.8 ms, and repetition time 14.7 ms. Figure 2 shows the projection ventilation maps from the two divers at two different lung volumes each, while Fig. 3 shows the same from four control subjects at lung volumes close to FRC. The signal intensity in a pixel of an image originates from 129 Xe nuclei located in a voxel corresponding to that pixel. The number of available nuclei in this voxel mainly depends on two factors: regional ventilation and anteroposterior lung thickness (in a projection image, signal in each voxel represents the collective contribution from all the nuclei along the projection axis). The signal intensities are color-coded: dark blue is assigned to the lowest value, dark red to the highest one (see color scales in Figs. 2 and 3 ).
RESULTS
There are two important features that can be seen in these images. The first is the lack of ventilation in several apical regions of the divers' lungs when small volumes were inhaled (see arrows in Fig. 2C ). This indicates that a negligible number of 129 Xe atoms reached the apexes after inhalation from below RV. This would not have been the case if the airways in these regions had been patent. The second feature is the higher degree of heterogeneity within the ventilated regions of the divers' lungs when smaller volumes were inhaled (Fig. 2, The same divers had participated in another study, and here we provide their absolute lung volumes from that study (10) . RV, residual volume; RVGE, sub-residual volume achieved by glossopharyngeal exsufflation; FRC, functional residual capacity; TLC, total lung capacity. Fig. 1 . Schematic of the experimental protocol followed by the divers. After exhaling to residual volume (RV), both divers used glossopharyngeal exsufflation to reach sub-residual volumes (RVGE) and then inhaled the prepared gas mixture from Tedlar bags. FRC, functional residual capacity.
and C) compared with those of the controls (Fig. 3) . Also, we note that in diver 1, an inhalation of a larger volume (sub-RV ϩ 1.3 liters; Fig. 2B ), sufficient to reach lung volumes near FRC, yielded images that approached the appearance of those of the control subject of similar age inhaling from RV (Fig. 3) .
DISCUSSION
The concept of a CV, defined as a sharp transition between phases III and IV during a single-breath N 2 or He washout requires two conditions. The first is a heterogeneous distribu- Fig. 2 . Ventilation maps from the divers. Subjects performed glossopharyngeal exsufflation to reach sub-RV (RVGE), after which they inhaled a Xe gas mixture. Here the bars on the sides of the pictures provide information about the lung and inhaled gas volumes. The black horizontal lines show the RV and RVGE with respect to total lung capacity (TLC), while the bottom of the green region represents the lung volume at which the divers started inhalation of Xe gas mixture. The top of the green region shows the lung volume (again, with respect to TLC) at which the breath-hold was done and data acquired. A: diver 1 following inhalation of 0.9 liters from sub-RV. B: diver 1, 1.3 liters from sub-RV. C: diver 2, 0.4 liters from sub-RV. D: diver 2, 0.9 liters from sub-RV. Note especially the regions remaining closed in C (arrows), and significant patchiness at both lung volumes in A and C. The background color (gray) of the images shows the regions where no xenon signal was detected. Dark blue corresponds to minimum signal, while dark red represents the maximum signal measured. Fig. 3 . Ventilation maps from controls. Subjects exhaled to RV, then inhaled Xe gas mixture to reach lung volumes near FRC. The bars on the sides of the pictures provide information about the lung volumes and inhaled gas amounts. The black horizontal line shows RV with respect to TLC, while the bottom of the green region represents the lung volume at which the controls started inhalation of Xe gas mixture (in these cases it coincided with RV). The top of the green region shows the lung volume (with respect to TLC) at which the breath-hold was done and data acquired. A: age-matched control 1, following inhalation of 1.3 liters from RV. B: agematched control 2, 1.3 liters from RV. C: older control 3, 1.3 liters from RV. D: older control 4, 1 liter from RV. Color scheme is same as in Fig. 2 . tion of gas concentrations in the lung. The second condition, less commonly appreciated, is an abrupt onset of asynchrony in regional expiratory flow. Both of these are necessary and both play into the phenomenon of the observed closing volume.
At the level of the airways, at least two mechanisms may contribute to "closure" as defined above. The first is frank closure of airways, associated with wetted airway wall apposition or actual liquid bridge formation at low lung volumes, as local lung recoil and parenchymal tethering forces on the airways fall to low values (5, 6) . This is the traditional interpretation of "closure". Second, airways may exhibit functional closure to the extent that expiratory flow limitation reduces expiratory flow rates regionally and heterogeneously, mimicking frank airway closure (e.g. see Refs. 2, 13, 14) . Both mechanisms are possible and may coexist to produce apparent closure during expiration.
By contrast, opening phenomena during inspiration have received much less attention, especially in normal humans. To be sure, opening of closed units in animal preparations is widely observed in the reinflation of lungs collapsed after a time at zero transpulmonary pressure. This has been quantified in a description of avalanche reopening in dog lungs utilizing signature features of input impedance (15) . This phenomenon is seen in humans with an open chest during the reinflation of the lung from sub-RV levels during thoracic surgery. However, this characteristic pattern of punctate opening has not, to our knowledge, been observed in normal humans with intact chest walls.
The most important conclusion we draw from this study focuses on the sharply demarcated ventilated vs. nonventilated regions of the lungs of the divers that we observed after inspiring small volumes from sub-RV (Fig. 2) . We believe this is strong evidence of punctate opening, secondary to frank airway closure during the preceding glossopharyngeal exsufflation used to reach these low volumes. Functional closure due to expiratory flow limitation would not cause such punctate opening, because airways would remain open during expiratory flow and dilate immediately at the start of inspiration. To our knowledge, this is the first report of punctate opening in the intact lungs of otherwise normal and healthy adults with an intact chest wall.
Related to this is the degree of heterogeneity in those regions of the lung which did in fact open. Table 2 shows the coefficient of variation of Xe intensities for the four experiments on divers, and in the four controls. Also displayed is the number of pixels in the lung before and after removing those areas with low signal-to-noise ratio (SNR). The coefficient of variation among the divers is strikingly larger than that of the controls. Lumping these together, and assuming the individual variances arise from a common chi-square distribution, an F-test reveals that the heterogenity in the divers is significantly larger than that of controls, with P Ͻ 0.017. This is an underestimate of significance, insofar as lung regions with no Xe have not been included; this would have required subjective estimates of lung outlines. To be sure, the small number of data that we have preclude a full ANOVA (repeat measurements on each of the 2 divers, different inhalation volumes, age, etc.), but this rough test of significance suggests that not only is there punctate reopening as noted above, but also that those regions that have reopened in the divers continue to display significant residual heterogeneity. Interestingly, the coefficient of variation appears to systematically increase with higher inhalation volumes for the divers. It is likely that the frank closure we hypothesize to explain the results at lower lung volumes was also present over the initial portion of the larger inhaled volumes. If these initially closed volumes only opened after exceeding some thresholds in the lower volume experiments, this would lead to greater heterogeneity.
Independent of the high degree of heterogeneity in open lung regions described above, we did not observe any profound or frank patchiness in the MRI scans of the divers inspiring larger volumes from sub-RV or of the control subjects inspiring from RV. Our protocol cannot distinguish among several possible reasons for not seeing ventilatory patchiness in these circumstances. First, the young control subjects may not have reached CC during the prior exhalation, since CC is near RV in young healthy controls. Second, inspiration of larger volumes might have caused reopening of airways previously closed during exhalation, sufficiently early in the inspirate to prevent any marked heterogeneity. This would be especially likely in the age-matched control subjects, in whom CC is known to be close to RV, assuring that even small inspirates would fill the lung relatively homogeneously during the course of the inspiratory maneuver. Third, the mechanism of CC may be progressively inhomogeneous expiratory flow limitation rather than frank airway closure, with airways remaining open during the subsequent inhalation. To the extent that these pathways are ventilated, then despite any marked inhomogeneity and asynchrony during the prior expiration, there will be less heterogeneity visible on reinspiration.
There are clear limitations to this study, given that we report here findings incidental to the unrelated major purpose of these The ventilated areas excluded the trachea and other regions near the lung periphery with very low signal-to-noise ratio (SNR). No. of pixels is displayed, both raw over the lung and after removal of trachea and low-SNR regions.
experiments. Specifically, the inhaled volumes were not held constant among the subjects, and the larger volumes inhaled especially in the control subjects may have been too large to reveal punctate opening. Individual CV measurements were not done, although the dependence of CV on age as a function of vital capacity is well established (3, 7) . Nevertheless, the marked heterogeneity of inspired gas concentration in the divers after inspiration from sub-RV is in our view strong evidence for frank airway closure, such as is seen in excised collapsed lungs or in humans with an open chest wall during surgery. Finally, all measurements were projection images, and this introduces a degree of heterogeneity simply associated with lung thickness variations. On the other hand, the significant degree of heterogeneity seen in the divers (note apical ventilatory absence and central hot spots in Fig. 2, A and C ) cannot be accounted for on the basis of the variation in lung thickness, which is modest except near the projection boundaries.
In the future this technique may be useful in the assessment of the underlying mechanism contributing to closing volumes, especially in older individuals and those with pulmonary disease. In particular, this technique, performed with sufficiently small inspiratory volumes, may be able to distinguish between functional and frank airway closure. We hypothesize that functional closure would be associated with loss of lung recoil, a hallmark of emphysema, where asynchronous and heterogeneously distributed flow limitation in the small airways may account for an abrupt onset of phase IV and its interpretation as a "closing" volume. We further hypothesize that frank closure would be associated with wetted airway wall apposition or actual liquid bridge formation secondary to excess airway lining liquid seen in chronic bronchitis and other hypersecretory diseases.
